Introduction
A diversity of numeric and structural cytogenetic abnormalities are shared by premalignant monoclonal gammopathy of undetermined significance (MGUS) and malignant multiple myeloma (MM) tumors. 1, 2 The prevalence of IgH translocations is about 50%, whereas the prevalence of IgL translocations is no more than 10% to 20%. About 40% of MM tumors have Ig translocations involving 5 recurrent chromosomal partners and oncogenes: 11q13 (CCND1); 4p16 (FGFR3 and MMSET); 6p21 (CCND3); 16q23 (MAF); and 20q11 (MAFB). Recurrent translocations appear to be mediated mostly by errors in IgH switch recombination that occur during the maturation of B cells in germinal centers. 3 Translocations involving 8q24 (MYC) and an Ig locus are very late progression events. Little is known about other (mostly rare) chromosomal partners (and oncogenes).
Hyperdiploid tumors, which include about 50% of MM tumors, often have multiple trisomies involving chromosomes 3, 5, 7, 9, 11, 15, 19 , and 21 and a substantially lower prevalence of IgH translocations and monosomy of chromosome 13 compared with nonhyperdiploid tumors. 2 Trisomies of these same chromosomes also occur in premalignant MGUS tumors. This led to the proposal that there are 2 early pathways of pathogenesis for MM: a nonhyperdiploid pathway that often involves an early, perhaps initiating, IgH translocation and a hyperdiploid pathway that facilitates transformation by a yet to be determined mechanism. 4 Recently, we suggested that dysregulation of 1 of the 3 cyclin D genes is a unifying oncogenic event in MM. 5 The goal of the present study is to gain a better understanding of how cyclin D dysregulation, Ig translocations, and hyperdiploidy contribute to different pathways of pathogenesis and to different phenotypic consequences for MM tumors.
Patients, materials, and methods

Samples
We studied 231 patients with newly diagnosed MM, 30 with relapsed MM, 12 with MGUS, 32 human myeloma cell lines (HMCLs), and 14 control subjects. The institutional review board of the University of Arkansas for Medical Sciences approved the research studies, and all subjects provided written informed consent in accordance with the Declaration of Helsinki. The HMCLs have been described previously. [6] [7] [8] [9] [10] 
Plasma-cell isolation and gene expression profiling
Isolation of plasma cells (PCs) and profiling of RNA was performed as described. 11, 12 Gene expression intensity values, measured with the use of MAS software, version 5.01 (Affymetrix, Santa Clara, CA), were log transformed, normalized to the median, and analyzed using GeneSpring 7 (Silicon Genetics, Redwood City, CA).
Contamination of MM tumor and normal PC samples
Some MM samples coexpressed a number of genes characteristic of normal PCs. These included specific variable region genes from the Ig heavy and light chains, as well as IgM, IgD, IgE, and CD19, suggesting the presence of a major polyclonal PC contamination. Eight samples (P257, P377, P506, P524, P532, P551, P594, P633) had expression of these genes at levels equivalent to normal PCs and also lacked expression of genes characteristic of MMPCs. On further review, we concluded that these patients all had macrofocal disease, with no evidence of diffuse marrow involvement and a good prognosis. Contamination of purified normal PCs (typically Ͻ 1% of mononuclear cells in the bone marrow [BM]) with other cells was a more significant problem. We excluded 26 of the normal PC samples from analysis because of apparent contamination by monocyte/macrophages or by pre-B-cells.
Assignment of 261 MM tumors to 8 groups
Tumors were assigned to 8 different translocation/cyclin D (TC) groups based on the RNA expression levels of 8 genes (CCND1, CCND2, CCND3, FGFR3, MMSET, MAF, ITGB7, and CX3CR1). For each sample, the relative expression level was a fraction of the highest signal (1.0) for that gene in any of the samples analyzed (Supplemental Worksheet, Table S1 ; see the Supplemental Materials link at the top of the online article at the Blood website). Samples were assigned sequentially to the 8 groups in the order described. The first 4 groups were based on recurrent IgH translocations. Group 4p16 included 42 samples with FGFR3 greater than 0.3 or MMSET greater than 0.1. The maf group included 19 samples with integrin ␤7 (ITGB7) greater than 0.18 (and CX3CR1 Ͼ 0.02). Eleven of these samples had MAF greater than 0.27, whereas the remaining 8 samples had MAF less than 0.1; 4 (P187, P266, P504, and P563) of these latter 8 samples were confirmed to overexpress MAFB by analysis on a U133 Affymetrix chip (data not shown). Group 6p21 included 7 samples with CCND3 greater than 0.5, and group 11q13 has 40 samples with CCND1 (average of all 3 CCND1 probe sets) greater than 0.25. The remaining 4 groups were based solely on increased expression of CCND1 and/or CCND2 in tumors compared with normal bone marrow plasma cells (BMPCs; CCND1 Ͻ 0.012 and CCND2 Ͻ 0.09). For 102 tumors with CCND1 greater than 0.024 (at least twice the value of the highest normal BMPC sample), 81 samples with CCND2 less than 0.09 were assigned to the D1 group, and 21 samples with CCND2 greater than 0.09 were assigned to the D1ϩD2 group. For the remaining tumor samples (all with CCND1 Ͻ 0.024), 45 with CCND2 greater than 0.09 were assigned to the D2 group, and 6 with CCND2 less than 0.07 were assigned to the none group. Although assignment of most tumors is reasonably straightforward, the boundaries distinguishing the groups cannot be determined with certainty. Previously published results validate the use of expression arrays for assignment of samples to the 4p16, 6p21, and 11q13 translocation groups (Zhan et al 13 ) . Additional validation of the maf group is provided by the fact that this group forms an uninterrupted cluster by an unsupervised cluster analysis (not shown). Further validation of assignments to these 8 groups is based on conventional cytogenetic analyses for the 101 of 261 MM tumors for which abnormal tumor karyotypes were generated (Supplemental Worksheet, Table S2 ). Conventional cytogenetics detected a classical t (11;14) in 12 of 18 samples in the 11q13 group but in 0 of 37 samples in the D1 group and 1 of 6 samples in the D1ϩD2 group; sample P092 in the D1ϩD2 group had a t (11;14) in 27% of tumor cells despite a relative CCND1 expression level of 0.052.
An expression-based proliferation index (PI) was calculated using the median value of 12 genes associated with proliferation (TYMS, TK1, CCNB1, MKI67, KIAA101, KIAA0186, CKS1B, TOP2A, UBE2C, ZWINT, TRIP13, KIF11), scaled to the maximum value among all samples. 14 In an independent data set we have found a good correlation (r ϭ 0.73) between the expression-based PI and the plasma-cell labeling index (PCLI; data not shown).
Identifying CCND1 alleles with HpaII polymorphism in DNA and RNA Exon 4 sense oligonucleotides for cDNA (X59578) (CTCTGTGCCACAGAT-GTGAA) and genomic DNA (AP001888) (GCAGTGCAAGGCCTGAACCT-GAGGAGC) were perfect matches, but antisense oligonucleotides in intron 4 (GGATTCAAGTTAGGCAAGGCTGCCTGGGACA) and exon 5 (AG-CAGGGCTTCGATCTGCTCCTGGCAGGAACGGAGGCAGT) were designed to eliminate a HpaII site that in each case occurred downstream of the polymorphic HpaII site (polymorphine at nucleotide [nt] 870 in cDNA and at nt 9630 in genomic DNA). An annealing temperature of 60°C was used for each polymerase chain reaction (PCR) reaction. The HpaII-digested product was analyzed on a 4% NuSieve-0.5% standard agarose gel to distinguish the A (undigested 138-base pair (bp) genomic or 203-bp cDNA PCR product) and G (92 ϩ 46-bp genomic or 161 ϩ 42-bp cDNA HpaII products) alleles. For sequence analyses of the PCR products, the corresponding sense oligonucleotides were used as sequencing primers.
Results
Different patterns of cyclin D expression in MM
Cyclin D genes (D1, D2, D3) are expressed at low levels in quiescent cells but in response to growth factors they are transcriptionally up-regulated and expressed in virtually all proliferating cells. 15 We analyzed the relative RNA expression of all 3 cyclin D genes in 314 samples, including normal BMPCs, plasmablasts (PBs), 231 untreated and 30 relapsed MM tumors, and a panel of HMCLs ( Figure 1 ; Figure S1 ). Highly proliferative PBs have substantially increased levels of CCND2 compared with normal BMPCs that express low levels of CCND2 and CCND3 but little or no CCND1. 16 We subdivided the 261 MM tumors into 8 TC groups: For personal use only. on April 9, 2017. by guest www.bloodjournal.org From 4 groups based on oncogenes dysregulated by 5 recurrent Ig translocations (4p16, 11q13, 6p21, maf), and then another 4 groups based on increased expression of cyclins D1 and/or D2 compared with normal BMPCs. The expression levels of the cyclin D genes and 5 other genes were used to identify all groups ( Figure 1 ; also see "Assignment of 261 MM tumors to 8 groups"). With the exception of tumors in the 6p21 group, MM tumors express CCND3 at a low level that is comparable to normal BMPCs. Tumors in the 11q13 group express a markedly high level of CCND1. Tumors in the maf group express the highest levels of CCND2, with one tumor (P187) also expressing a very high level of CCND1 because of a coexisting t(11;14) translocation. 13 Tumors in the 4p16 group uniformly express CCND2 at higher levels than normal BMPCs. However, several tumors in the 4p16 and maf groups also express slightly increased levels of CCND1. For the 60% of tumors not having 1 of the 5 recurrent Ig translocations, nearly half (31% overall) express increased levels of CCND1 and are assigned to a D1 group. Tumors in the D1ϩD2 group (8% overall) express increased levels of CCND1 and CCND2, and tumors in the D2 group express increased levels of CCND2. Finally, about 2% of tumors are assigned to the none group since they do not express increased levels of cyclins D1, D2, or D3 compared with normal BMPCs. Three of 6 tumors in the none group have an expression profile indistinguishable from normal BMPCs, consistent with little or no contribution of tumor cells to the observed expression profile. Highly proliferating PBs and HMCLs express increased levels of at least one cyclin D gene and have a high expression PI ( Figure 1 ). In contrast, normal BMPCs and most MM tumors have a low PI. Importantly, for MM tumors there appears to be no obvious correlation that relates the level of cyclin D expression with the PI.
Patterns of translocation and cyclin D expression in MGUS, relapsed MM, and HMCLs
Given that MGUS shares many of the genetic features of MM, including recurrent IgH translocations and the presence of multiple trisomies, we examined the expression of the same 8 genes in 12 individuals with MGUS ( Figure S1 ). The MGUS samples fall neatly into 5 of the TC groups (maf, 1; 11q13, 3; D1, 4; D1ϩD2, 1; and D2, 3). Consistent with a reported lower frequency of t(4;14) in MGUS, 2 and the small sample size, no examples of 4p16, 6p21, or none were identified. Similarly, relapsed MM was represented in each of the TC groups with an underrepresentation in D1 (10% vs 33%; P ϭ .009) and overrepresentation in D1ϩD2 (17% vs 6%; P ϭ .03). In contrast, no groupings in D1, D1ϩD2, or none were identified among the HMCLs, which instead were overrepresented in the 4p16 (31% vs 16%; P ϭ .03) and maf (28% vs 7%; P Ͻ.001) groups.
Validation of cyclin D mRNA expression
We provide validation for the levels of cyclin D expression in 3 ways. First, we have virtually identical results for each of the cyclin D genes based on a pair-wise comparison of the same tumor samples on 3 kinds of Affymetrix chips (FL6800 with one probe set for each gene; U95A with 3 probe sets for D1, 2 probe sets each for D2 and D3; U133 Plus 2.0 with 2 probe sets for D1, 4 probe sets for D2, and one probe set for D3; data not shown). Second 
Transdysregulation of CCND1 in D1 group
Cyclin D1 has a HpaII AϾG polymorphism. 19 For 26 MM tumors in the D1 group, 5 were homozygous for the A allele, 8 for the G allele, and 13 were heterozygous, a result consistent with the normal allele frequency (58% G). Seven tumors had twice as many copies of the A allele as the G allele, 4 tumors had twice as many copies of the G allele, and 2 tumors had an equal content of the 2 alleles. This result is consistent with the presence of trisomy 11 in about 90% of patients in the D1 group (see "Genetic signature of multiple trisomies in the D1 group"). It indicates that trisomy results from disomy of one parental chromosome and also that none of these tumors have additional amplification of one cyclin D allele. Importantly, all but one of 13 D1 group tumors that are heterozygous for the 2 CCND1 alleles express both alleles at a level that is similar to the gene content ( Figure 2 ). The one exception (tumor P092) had a t(11;14) translocation detected by a conventional karyotypic analysis but was placed in the D1ϩD2 group instead of the 11q13 group because of the inexplicably low level of CCND1 expression. We also analyzed cDNA from 12 MM tumors in the 11q13 group. As expected, each tumor in this group (10) or the A allele (2), but none expressed both alleles despite the fact that at least 4 of these tumors contained both the A and G alleles. Unlike tumors with a t (11;14) translocation that express CCND1 from one structurally altered allele, D1 group tumors express CCND1 from both alleles.
Genetic signature of multiple trisomies in the D1 group
Noting that the expression of many genes from chromosome 15 distinguishes the D1 group (Supplemental Worksheet, Table S3 ), we then determined that genes from chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 were overrepresented ( Figure 3A ). Since these chromosomes often are trisomic in hyperdiploid MM, we suspected that this represented the gene expression signature of hyperdiploidy. In support of this conclusion, we analyzed an acute lymphoblastic leukemia (ALL) dataset 20 and found that genes overexpressed in hyperdiploid ALL tumors, compared with other ALL tumors, were overrepresented on chromosomes 6, 10, 14, 18, 21, and X, the chromosomes most frequently trisomic in hyperdiploid ALL.
To examine trisomies in individual tumors we calculated for each sample an expression-based ploidy index for each chromosome. With a trisomy, copy number changes in gene expression should result in a slightly higher median expression (see "Validation of multiple trisomy expression signature" for validation). We determined the median level of expression of genes from each chromosome for the ALL and MM tumors and plotted the results on a red-yellow-green color scale ( Figure  3B ). Higher median expression from the mostly even-number chromosomes in hyperdiploid ALL and from the 8 odd-number chromosomes in D1 group of MM appears as alternating red-yellow stripes on these plots. This expression signature extends into the D1ϩD2 group and also occurs in nearly half of tumors in the D2 group (also see chromosome expression index for 8 odd chromosomes in Figure 1) . Similarly, in MGUS this profile was evident in 3 of 4 D1 tumors and in the one D1ϩD2 tumor (data not shown). Another striking feature of this plot is the low median expression of genes from chromosome 13, most notably in the 4p16 and maf groups. This is consistent with the very high prevalence of monosomy 13 previously reported in these groups. 2, 21, 22 More information can be obtained when the index is divided into short and long chromosome arm indices ( Figure S2 ). For example, it appears that increased expression from 1q is most common in the 4p16 group but also occurs with a relatively high prevalence in the D1ϩD2 and D2 groups and in the HMCLs.
Validation of multiple trisomy expression signature
The availability of cytogenetic analyses for 101 MM tumors (Supplemental Worksheet, Table S2 ) enabled a direct comparison of chromosome content and gene expression patterns. The assignment of tumors into the 8 TC groups shows a similar distribution for the 101 tumors with abnormal karyotypes compared with the full set of 261 tumors (Tables 1-2) . Fifty-six of the 101 tumors are classified as hyperdiploid based on a content of 48 to 75 chromosomes. Hyperdiploidy is strongly associated with multiple trisomies involving chromosomes 3, 5, 7, 9, 11, 15, 19, and 21, with 52 (93%) of the hyperdiploid tumors but only 1 (2%) of the nonhyperdiploid tumors having trisomies of 4 or more of these 8 chromosomes. Relaxing the stringency to trisomies of 3 or more of these chromosomes identifies the same 52 hyperdiploid tumors but identifies 3 additional nonhyperdiploid tumors The chromosome expression index showed 43 hyperdiploid and 3 nonhyperdiploid tumors with at least 4 of these 8 chromosomes having a chromosome expression index of at least 1.1; decreasing the stringency to Figure 3. Trisomy of chromosomes 3, 5, 7, 9, 11, 15 For personal use only. on April 9, 2017. by guest www.bloodjournal.org From at least 3 chromosomes identified 47 hyperdiploid and 5 nonhyperdiploid tumors. There appears to be a reasonable, albeit imperfect, concordance of karyotypic and expression analyses in determining which tumors contain extra copies of at least 3 of these 8 odd chromosomes.
A shared phenotype for the D1 and D1؉D2 groups
The level of CCND1 mRNA in the group D1 and D1ϩD2 tumors is almost always lower than for group 11q13 tumors. In addition, there is differential expression of the alternatively polyadenylated forms of CCND1 mRNA, with group 11q13 tumors expressing mostly the 2.2-kilobase (kb) mRNA form and the group D1 and D1ϩD2 tumors expressing mainly the 4.5-kb mRNA form ( Figure  S1 ). Approximately 90% of tumors in the D1 or D1ϩD2 groups are hyperdiploid and have 3 or more trisomies that involve chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 (Tables 1-2; Figure 1 ). There is no predominant combination of trisomies but each of 6 chromosomes is trisomic in 80% to 90% of tumors, whereas chromosomes 7 and 21 are somewhat less often trisomic. Thus the reported association of trisomy 11 with CCND1 expression is not unique. 17 
Distinct gene expression profiles for the MM TC groups
We identified 576 genes that vary significantly between the 8 groups in the 261 MM tumors. A hierarchical cluster using these genes shows striking differential recurrent patterns of gene expression for many of the groups ( Figure 4A ). The pattern of gene expression associated with the different groups was particularly striking for the maf, 4p16, and D1 groups. Not surprisingly, a large number of genes are specifically overexpressed in the maf group, at least some of which are direct transcriptional targets of the MAF and MAFB transcription factors (Hurt et al, 23 and C. Cultraro, unpublished data, November 2004). Surprisingly, a similarly large number of genes characterize the D1 group, a group that was identified solely by low expression of one gene (CCND1). Many of these genes are located on the 8 chromosomes frequently involved in trisomies. A slightly smaller number of genes characterize the 4p16 group. In contrast, most of the genes that characterize the 11q13 and 6p21 groups are shared ( Figure 4B) , and the gene expression pattern in these 2 groups clearly overlaps other groups. The ‡Percentage of samples within each TC group from patients with lytic lesions on MRI. In pairwise comparisons, each of groups 11q13, D1, and D1 ϩ D2 is significantly different (P Ͻ .05) from each of groups D2, 4p16, and maf.
§ P Ͻ .001. P Ͻ .05. (A) Two hundred thirty MM samples were categorized into the 8 TC groups. Five hundred seventy-six genes significantly different between the 8 subtypes (P Ͻ .05; Benjamin and Hochberg analysis was used to adjust for the multiple univariate hypothesis tests, with multiple testing correction) were identified. The genes were subjected to hierarchical clustering (Supplemental Worksheet, Table S2 ). A color code on the bottom identifies the color associated with each TC group. (B) Differences in gene expression between TC groups. A list of 576 genes that differs between the 8 TC groups with a P value less than .05 was generated, and the 13 probe sets corresponding to the genes used to assign the TC class (CCND1, CCND2, CCND3, FGFR3, MMSET, MAF, ITGB7, CX3CR1) were removed. The number of genes from this list that are statistically different (P Ͻ .05) in pair-wise comparisons between TC groups is shown, with the intensity of pink shading highlighting the more profound differences. 6 indicates 6p21; 11, 11q13; N, none; 4, 4p16; and M, maf.
D1ϩD2 group expressed a large number of genes characteristic of group D1. However this group failed to express an almost equal number of group D1 genes (eg, genes that are associated with an interferon response, such as TNFSF10, PRKR, MX1, MX2, STAT1, IF127, IRF7, IFNGR1). This group also appeared to express some genes characteristic of groups D2 and 4p16. These results suggest that apparently early genetic events (translocations and/or dysregulation of a cyclin D gene) may substantially determine the gene expression pattern despite subsequent similar progression events.
Clinical correlates associated with TC groups
The most striking clinical feature of MM is lytic bone disease. We correlated the presence of lytic lesions detected on magnetic resonance imaging (MRI) in 172 untreated patients with the TC groups ( Table 2) . 11 Whereas 79% of all patients had evidence of lytic disease, it was higher in the groups 11q13 (94%; P ϭ .02), D1 (86%; P ϭ .22), and D1ϩD2 (100%; P ϭ .05) and significantly lower in the groups 4p16 (57%; P ϭ .002) and maf (55%; P ϭ .04). In individual pair-wise comparisons, each of the groups 11q13, D1, and D1ϩD2 had significantly (P Ͻ .05) more bone disease than each of the groups D2, 4p16, and maf. We identified other phenotypic distinctions between the various groups. First, there is a substantial difference in the prevalence of an elevated expression PI, with a significantly low prevalence in the D1 group, a significantly increased prevalence in the maf group, and a markedly high prevalence in the D1ϩD2 group (Table 2) . Consistent with this, the D1 group is underrepresented in the relapsed versus untreated patients (10% vs 34%; P Ͻ .01), whereas the D1ϩD2 group is overrepresented in the relapsed versus untreated patients (17% vs 6.5%; P ϭ .01; Table 2 ). Second, the low frequency of bone disease in the maf and 4p16 groups is consistent with previous reports that these groups are overrepresented in primary plasma-cell leukemia (PCL) and in HMCLs that are derived from extramedullary tumors. 5, 21, 24 Moreover, since hyperdiploidy associated with multiple trisomies was present in only 1 of 23 primary PCLs, it is apparent that the D1 group is underrepresented or absent both in PCL and HMCLs. 5, 24 Taken together these results imply a very different biology and interaction with the bone marrow microenvironment among these different genetic subgroups, with the D1 group being particularly dependent on these interactions.
Discussion
Biallelic dysregulation of CCND1 is frequent in MM but not other B-cell tumors Cyclins D1, D2, or D3 positively interact with cyclin-dependent kinase 4 (cdk4) or cdk6 to regulate phosphorylation of retinoblastoma (RBI) thereby facilitating the G 1 /S cell-cycle transition. 25, 26 Cyclin D1 is expressed in most proliferating tissues, but there is little or no expression of CCND1 in lymphoid tissues or tumors that instead express CCND2 and/or CCND3. 27, 28 Exceptions include tumors with Ig translocations involving CCND1, 29 hairy cell leukemias that express CCND1 without an apparent translocation, 30 and a substantial fraction of MM tumors that express increased CCND1 in the absence of a t(11;14) translocation. 5, 17, 31 We show here that nearly 40% of MM tumors biallelically express CCND1 mRNA. Therefore, a novel mechanism that biallelically dysregulates CCND1 is one of the most frequent oncogenic events in MM. Presumably, biallelic expression of CCND1 must be controlled by trans-acting factors, but analyses of the expression data have not identified obvious candidates. 
Two apparently different pathogenic pathways in MM
The karyotypic and gene expression data summarized here are in accord with the 2 pathways hypothesized for the early pathogenesis of MM ( Figure 5 ). Several thoughts come to mind. First, multiple trisomies probably represent the critical feature and not hyperdiploidy per se. We cannot directly relate the multiple trisomies with biallelic expression of CCND1 since many MM tumors with multiple trisomies express CCND2 and not CCND1, whereas other For personal use only. on April 9, 2017. by guest www.bloodjournal.org From tumors express low levels of CCND1 in the absence of multiple trisomies (eg, some in group 4p16). Second, the pathways partially overlap (eg, some group 4p16 tumors), which suggests that the 2 pathways sometimes can complement one another. Third, although both pathways seem to be implicated as very early events that are shared by MGUS and MM, the relative timing of IgH translocations, aneuploidy (including chromosome 13 monosomy), and cyclin D dysregulation is unclear. In fact, we presently have no mechanistic insight into the causes or consequences of numeric and structural chromosomal changes that collectively are nearly invariant in MGUS and MM. Finally, despite the perturbation of the Rb pathway by cyclin D dysregulation in virtually all MM tumors, additional components of this pathway (p18INK4c and Rb) apparently can be disrupted by late progression events that are associated with enhanced proliferation in some tumors. [34] [35] [36] 
Assignment of MM tumors to TC groups
We have subdivided 231 untreated and 30 relapsed MM tumors into 7 groups (4p16, maf, 6p21, 11q13, D1, D1ϩD2, and D2) that have an increased expression of at least one cyclin D gene compared with normal BMPCs. An eighth none group includes 1% of MM "tumor" samples that have a polyclonal normal BMPC signature and another 1% of MM tumor samples that do not express increased levels of cyclin D1, D2, or D3 RNA. With the exception of the 4p16 group, each of the groups is characterized by the increased expression of CCND1 (11q13, D1, D1ϩD2 groups), CCND2 (maf, D1ϩD2, D2 groups), or CCND3 (6p21 group). In fact, even though we do not understand the mechanism(s) responsible, the 4p16 group invariably shows increased expression of CCND2. Although not unequivocally established, we think that the basis for assignment of tumors to the TC groups is focused primarily on very early if not initiating oncogenic events that are shared by MGUS and MM tumors, although the D1ϩD2 group might represent an exception.
Shared features of the D1, D1؉D2, and D2 groups
The D1 and D1ϩD2 groups share several features, including a very high incidence of hyperdiploidy associated with specific trisomies and a shared gene expression signature. The D1ϩD2 group is different than the D1 group not only in the increased expression of CCND2 but also in the lack of increased expression of some genes that cluster with the D1 group and the increased expression of some genes that cluster with the D2 group (Figure 4) . Excluding 5 D2 tumors that appear to be markedly contaminated with normal BMPCs ("Assignment of 261 MM tumors to 8 groups"), approximately 50% of the D2 group tumors are hyperdiploid and have the same specific trisomies. The expression patterns of the D2 tumors are not particularly distinctive but do overlap the D1ϩD2 tumors and, to a lesser extent, the 4p16 tumors (Figure 4) . Thus the global expression phenotypes of tumors in the D2 and D1ϩD2 groups clearly seem to be more heterogeneous than tumors in the other groups. The paired comparison of the 8 groups ( Figure 4B ) suggests that the D1ϩD2 and D2 groups have fewer genes that distinguish them than either of these 2 groups compared with the D1 group. Finally, the D1ϩD2 group is strikingly different from the D1 and D2 groups since tumors in the former group more frequently have a higher PI and are more frequent at relapse than at diagnosis (Table 2) . Clearly, much remains to be learned about the nature and genesis of these 3 groups.
Concluding thoughts
We think that the 8 TC groups are determined by very early if not initiating oncogenic events that result in dysregulation of 1 of the 3 cyclin D genes. Despite a variety of subsequent progression events, it seems remarkable that the ultimate tumor phenotype, as measured by global expression profiling, biology (bone disease, PI), and clinical course (relapse, progression to an extramedullary location), is significantly correlated with these groups. One might argue that some or all of these groups represent different albeit related diseases that may require different therapeutic approaches. In any case, it seems probable that a definitive molecular classification will require revision and refinement to reflect further insights as additional initiating and progression events are identified. Although it appears that the TC groups may be useful to classify tumors for therapeutic response and prognosis, it is important to recognize that there is unlikely to be a single classification system for this purpose. It seems more likely that the classification of MM tumors for prognosis will differ, depending on the availability and response to an ever-widening variety of therapeutic regimens. What will remain constant are the genetic lesions that give rise to MM and contribute to its progression. The TC groups that are based mainly on what appear to be early, perhaps initiating, pathogenic events that are shared by MGUS and MM should continue to provide a foundation for biologically and clinically relevant insights.
